The relationship between hydrogen absorption and the corrosion behavior of Ti-6Al-4V alloy has been examined by immersing the alloy in acidulated phosphate fluoride (APF) solution with various concentrations. Upon immersion in 0.1 mass% APF solution, no hydrogen absorption is observed despite the occurrence of general corrosion. In 0.2% APF solution, slight hydrogen absorption occurs soon after immersion, and then the surface of the specimen becomes uniformly covered with a crystalline corrosion product (Na 3 AlF 6 ), thereby inhibiting further hydrogen absorption. In APF solutions with concentrations higher than 0.4%, the amount of absorbed hydrogen increases with increasing concentration of APF solution and immersion time. The type and morphology of corrosion products sensitively depend on the concentration of APF solution. Upon immersion in 0.4% APF solution, crystalline and massive Na 3 AlF 6 are observed on the surface of the specimen. In 1.0% and 1.5% APF solutions, Na 3 AlF 6 with a foldlike shape and granular Na 3 AlF 6 and Na 3 TiF 6 are observed. In 2.0% APF solution, only granular Na 3 TiF 6 is observed. The corrosion potentials and anodic polarization curves are analogous in all APF solutions except the 0.2% and 0.4% APF solutions. In contrast, the current density of cathodic polarization curves increases with the concentration of APF solution. The results of the present study suggest that the corrosion products play an important role in the hydrogen absorption behavior of Ti-6Al-4V alloy.
Introduction
Titanium and its alloys are used extensively in biomedical applications such as dental implants and dentures. A problem of using titanium alloys in the oral environment is the degradation of mechanical properties associated with the absorption of hydrogen, that is, hydrogen embrittlement, in fluoride solutions including prophylactic agents for caries prevention. [1] [2] [3] The amount of hydrogen absorbed by Ti-6Al-4V alloy 3) tends to be smaller than those absorbed by commercial pure titanium 2, 4) and beta titanium (Ti-11.3Mo-6.6Zr-4.3Sn) alloy 1, 5) upon immersion in acidulated phosphate fluoride (APF) solution for the same time. For example, in 0.2% APF solution, corresponding to the fluoride concentration of commercial toothpastes, Ti-6Al-4V alloy 3) only absorbs a small amount of hydrogen, whereas commercial pure titanium 4) and beta titanium alloy 5) absorb substantial amounts of hydrogen. Ti-6Al-4V alloy appears to have a high resistance to hydrogen absorption in APF solution. However, in 2.0% APF solution, Ti-6Al-4V alloy 3) absorbs substantial amounts of hydrogen, similar to the amount absorbed by other titanium alloys. 4, 5) The hydrogen absorption behavior of Ti-6Al-4V alloy may depend strongly on the concentration of APF solution.
3) To improve the resistance of titanium alloys to hydrogen absorption in APF solution, the hydrogen absorption behavior of Ti-6Al-4V alloy should be studied.
The analysis of corrosion behavior may elucidate mechanisms underlying the high resistance of Ti-6Al-4V alloy to hydrogen absorption. The corrosion behavior (e.g., in the form of electrochemical potential and polarization curves) of titanium alloys in fluoride solutions has been reported by several researchers. [6] [7] [8] [9] [10] [11] [12] [13] [14] However, information on the relationship between hydrogen absorption and corrosion behavior in fluoride solutions is limited. For commercial pure titanium immersed in neutral NaF solution, the hydrogen absorption behavior appears to be partially interpreted as electrochemical behavior. 15) In contrast, for Ti-6Al-4V alloy immersed in neutral NaF solution, the hydrogen absorption behavior may be related to the surface conditions rather than an electrochemical factor. 16 ) Therefore, it is necessary to confirm experimentally the extent to which the hydrogen absorption behavior of Ti-6Al-4V alloy is related to its electrochemical behavior in APF solution.
Furthermore, few studies have been carried out on the corrosion morphologies of Ti-6Al-4V alloy in fluoride solutions. The type or morphology of corrosion products on the surface of titanium alloys depends on the concentration of APF solution. [1] [2] [3] [4] [5] The role that corrosion products on the surface of titanium alloys play in the hydrogen absorption and corrosion behavior may be worth considering. If a corrosion product inhibits hydrogen absorption, it will be the first such observation for titanium alloys in fluoride solutions, and such a product can be used for surface modification.
The purpose of the present study is to systematically investigate the relationship between the hydrogen absorption and corrosion behavior of Ti-6Al-4V alloy in various concentrations of APF solution. The findings will be essential for further improving the reliability of titanium alloys.
Experimental Procedure
Commercial Ti-6Al-4V alloy wire (described previously 3) ) of 0.50 mm diameter was cut into specimens of 50 mm length. The nominal chemical composition of the wire is given in Table 1 . Percentages in this paper refer to mass percent, unless otherwise stated. The specimens were care-fully finished with 600-grit SiC paper and ultrasonically washed in acetone for 5 min. The specimens were immersed separately in 50 ml aqueous solutions of 2.0% APF (0.48 mol/l NaF + 0.15 mol/l H 3 PO 4 ) without applied stress at pH 5.0 at room temperature (25 AE 2 C). To evaluate the effect of the solution concentration, APF solutions of various concentrations were prepared by the dilution of 2.0% APF solution.
The amount of desorbed hydrogen was measured by hydrogen thermal desorption analysis (TDA) for the immersed specimens. The immersed specimens were cut at both ends and were dried in ambient air and then subjected to TDA, which was started 30 min after the removal of specimens from the APF solution. A quadrupole mass spectrometer (ULVAC, Kanagawa, Japan) was used for hydrogen detection. Sampling was conducted at 30 s intervals at a heating rate of 100 C/h. The corrosion potentials and polarization curves of the specimens in 300 ml APF solution were measured at room temperature under aerated conditions. The counter and reference electrodes used were a platinum electrode and a saturated calomel electrode (SCE), respectively. The corrosion potentials were measured after immersion in APF solution for 10 s. Some specimens were measured for 600 h. The polarization curves were measured from the corrosion potential in the anodic or cathodic direction with a scan rate of 20 mV/min after immersion for 10 min. In addition, the anodic polarization curves were measured after immersion for 24 h. Each measurement was repeated at least three times.
The side surface of the immersed specimens was observed by scanning electron microscopy (SEM). The corrosion products on the surface of the immersed specimens were examined by X-ray diffraction (XRD) measurement. The mass ratio of corrosion products on the surface of the immersed specimens was analyzed by energy-dispersive X-ray spectrometry (EDX). The size distributions of the corrosion products were measured from SEM images of 100-400 samples.
Results
The amounts of desorbed hydrogen obtained from TDA are shown in Fig. 1(a) for the specimens immersed in 0.1% to 2.0% APF solutions under aerated conditions as functions of immersion time. The amounts of desorbed hydrogen for specimens immersed in 0.2% and 2.0% APF solutions from 24 to 600 h are reproduced from our previous article.
3 ) The amount of hydrogen absorbed during immersion tests was calculated by subtracting the predissolved hydrogen content (96 mass ppm) from the amount of desorbed hydrogen. Upon immersion in 0.1% APF solution, no increase in the amount of desorbed hydrogen was observed even after 600 h. In 0.2% APF solution, the amount of absorbed hydrogen saturated at approximately 30-50 mass ppm in the early stage of the immersion.
3) As shown in Fig. 1(b) , the hydrogen absorption in 0.2% APF solution occurred up to 6 h and then saturated. When the concentration of APF solution was higher than 0.4%, the amount of absorbed hydrogen increased with increasing immersion time and concentration of APF solution. For example, the amounts of hydrogen absorbed upon immersion in 0.4%, 1.0%, 1.5% and 2.0% APF solutions for 600 h were approximately 570, 720, 3000 and 9000 3) mass ppm, respectively.
The shifts of the representative corrosion potentials of the specimens immersed in APF solutions under aerated conditions are shown in Fig. 2 . In 0.1% APF solution, the corrosion potential was stable at approximately À1:0 V. In 0.2% APF solution, the corrosion potential shifted to the noble direction after 5-6 h with the deposition of a corrosion product, and then reached À0:5 V. In 0.4% APF solution, the corrosion potential shifted abruptly to the noble direction immediately after immersion, then gradually shifted to the less noble direction and reached approximately À1:0 V. The corrosion potentials of the specimens immersed in solutions with concentrations of 1.0% and above were stable at approximately À1:0 V even after 600 h. solution. In the cathodic polarization curves, the current density increased with the concentration of APF solution, although it was the almost the same at concentrations of 1.5% and 2.0%. The anodic polarization curves of specimens after immersion in various APF solutions under aerated conditions for 24 h are shown in Fig. 3(b) . The current density for specimens in 0.2% and 0.4% APF solutions decreased to 30 and 100 mA/cm 2 , respectively. The anodic polarization curves of specimens immersed in the other APF solutions after 24 h were analogous to those after 10 min.
On the side surface of the nonimmersed specimen, scratches due to SiC paper polishing were observed, as shown in the SEM image in Fig. 4(a) . For the specimen immersed in 0.1% APF solution for 24 h (Fig. 4(b) ), general corrosion was observed on the side surface; the scratches due to paper polishing almost disappeared. For the specimen immersed in 0.2% APF solution for 24 h (Fig. 4(c) ), a crystalline corrosion product was observed uniformly on the entire surface of the specimen. The corrosion product was confirmed to form after 5-6 h. Magnified views and the size distribution of the corrosion product on the surface of the specimen immersed in 0.2% APF solution are shown in Figs. 5(a) and (b) , respectively. The corrosion product was identified as Na 3 AlF 6 (monoclinic;
) by XRD measurement and EDX analysis (results not shown), as similar to that reported previously.
3) The corrosion products formed upon immersion in 0.4% APF solution (Fig. 4(d) ) were classified into two types. One type of corrosion product spread over the entire specimen was crystalline Na 3 AlF 6 (Fig. 5(c) ), and similar to that obtained upon immersion in 0.2% APF solution. The average size of this crystalline corrosion product after immersion in 0.4% APF solution (Fig. 5(d) ) was smaller than that obtained after immersion in 0.2% APF solution (Fig. 5(b) ). The other type was a massive corrosion product (Na 3 AlF 6 ), as shown in Fig. 5(e) , distributed locally on the surface of the specimen. The surfaces of the specimens immersed in 1.0% and 1.5% APF solutions are shown in Figs. 4(e) and (f), respectively. The foldlike-shaped and granular corrosion products were observed on the entire surface of both specimens. In these APF solutions, two types of corrosion products, i.e., Na 3 AlF 6 and Na 3 TiF 6 (mono-
), were identified by XRD measurement of the surface of the specimens. From EDX analysis, Na, Al and F were the elements mainly detected in the foldlike product, indicating the formation Na 3 AlF 6 . The average size of the foldlike product for the specimen immersed in 1.0% APF solution was larger than that for the specimen immersed in 1.5% APF solution, as shown in Fig. 6 . On the other hand, because the morphology of granular Na 3 AlF 6 is similar to that of granular Na 3 TiF 6 , the composition of the granular corrosion product could not be distinguished without EDX analysis, as shown in Fig. 7 . In 2.0% APF solution (Fig. 5(g) ), only Na 3 TiF 6 was detected by XRD measurement, similar to in a previous report.
3) With increasing concentration of APF solution, the amounts of the crystalline corrosion product (Na 3 AlF 6 ) and the corrosion product with the foldlike shape decreased, whereas the amount of Na 3 TiF 6 increased.
Discussion
The results of the present study indicate that there is no simple relationship between the hydrogen absorption and corrosion behavior of Ti-6Al-4V alloy in APF solution. As shown in Figs. 2 and 3 , the corrosion potential and anodic polarization curves for the 0.1% APF solution were similar to those for the 1.0% to 2.0% APF solutions, although the cathodic polarization curve depended on the concentration of APF solution. However, no hydrogen absorption occurred in 0.1% APF solution, whereas the amount of absorbed hydrogen increased with the concentration of APF solution higher than 0.4%. In the neutral 2.0% NaF solution without applied potential reported previously, 17) the corrosion potential is stable at approximately À0:3 V and general corrosion was observed; however, Ti-6Al-4V alloy does not absorb hydrogen. These results suggest that for Ti-6Al-4V alloy, corrosion does not necessarily lead to hydrogen absorption in fluoride solution, although for commercial pure titanium, corrosion leads to hydrogen absorption. 17) In aqueous Na 2 SO 4 solutions with pH ranging from 3.0 to 7.0, as reported by Haruna et al., 18) hydrogen-induced environment-assisted cracking of Ti-6Al-4V alloy does not occur even under a cathodic potential of À2:0 V. In addition, we have recently demonstrated that the hydrogen absorption of Ti-6Al-4V alloy occurs below the cathodic potential of À1:9 V in neutral 2.0% NaF solution. 16) In the present study, however, Ti-6Al-4V alloy absorbed substantial amounts of hydrogen in APF solutions with concentration of 0.4% and higher under a corrosion potential of À1:0 V. Furthermore, although electrochemical behavior was not significantly different between 1.5% and 2.0% APF solutions, the amount of absorbed hydrogen depended on the concentration of APF solution. Thus, it appears to be difficult to predict hydrogen absorption behavior based on only electrochemical behavior. The effects of corrosion behavior including corrosion products and corrosion morphologies on hydrogen absorption behavior should be investigated in each environment.
The type of corrosion product is often changed by the composition of the titanium alloy and/or the concentration of APF solution. Upon immersion in 2.0% APF solution, the corrosion product of Na 3 TiF 6 is observed on the surface of not only Ti-6Al-4V alloy 3) but also commercial pure titanium, 2,4) Ti-0.2Pd alloy 19, 20) and Ti-11.3Mo-6.6Zr-4.3Sn alloy. 5) Another corrosion product of Na 5 Ti 3 F 14 is also observed in the case of Ti-11.3Mo-6.6Zr-4.3Sn alloy. 1, 5) On the other hand, upon immersion in 0.2% APF solution, the corrosion products depend on the titanium alloy. For example, the corrosion products of commercial pure titanium and Ti-11.3Mo-6.6Zr-4.3Sn alloy are TiF 2 4) and TiF 3 , 5) respectively. In the case of Ti-6Al-4V alloy immersed in 0.2% APF solution, the surface of the specimen is uniformly covered with the crystalline corrosion product of Na 3 AlF 6 , as shown in Fig. 5(a) . In this case, the major characteristic of the corrosion products for Ti-6Al-4V alloy seems to be the absence of Ti element. Upon increasing the concentration of APF solution, the surface of Ti-6Al-4V alloy became inhomogeneously covered with Na 3 AlF 6 with various morphologies, and Na 3 TiF 6 was also observed, as shown in Fig. 4 . In 0.1% APF solution, no corrosion products were observed by SEM and XRD measurement. However, in 0.1% NaF-containing artificial saliva adjusted to pH 5 by lactic acid, Na 2 TiF 6 is detected on the Ti-6Al-4V alloy surface polished with 1 mm alumina powder using an X-ray photoelectron spectrometer, as reported by Huang. 21) The type and morphology of the corrosion product may depend on the composition of the fluoride solution as well as its concentration, although the effects of dissolved oxygen in the solution and/or the surface conditions of the specimen on corrosion behavior should not be excluded.
In 0.1% APF solution, a possible reason for the lack of hydrogen absorption is that the amount of hydrogen evolved on the surface of the specimen was small, as inferred by the current density of cathodic polarization curve (Fig. 3) and the morphology of the surface subjected to corrosion (Fig. 4) . In neutral 2.0% NaF solution, when small amounts of hydrogen are evolved, no hydrogen absorption occurs, as reported previously. 16) In 0.2% APF solution, Ti-6Al-4V alloy absorbs a small amount of hydrogen (30-50 mass ppm), 3) upon which its mechanical properties hardly degrade, whereas commercial pure titanium 4) and Ti-11.3Mo-6.6Zr-4.3Sn alloy 5) absorb large amounts of hydrogen, upon which their mechanical properties degrade markedly. For Ti-6Al-4V alloy, the saturation of hydrogen absorption ( Fig. 1(b) ) coincides with the shift to the noble direction of the corrosion potential ( Fig. 2) with the deposition of the crystalline corrosion product (Na 3 AlF 6 ) on the specimen in 0.2% APF solution. Moreover, in the case of Ti-6Al-4V alloy immersed in 0.2% APF solution for 24 h, i.e., the surface of the specimen covered uniformly with crystalline Na 3 AlF 6 shown in Fig. 4(c) , the corrosion resistance increased as shown by the anodic polarization behavior in Fig. 3(b) . In separate experiments, we have confirmed that the specimen coated with crystalline Na 3 AlF 6 does not absorb hydrogen even in 2.0% APF solution for 24 h. Accordingly, the crystalline Na 3 AlF 6 inhibits the hydrogen absorption of Ti-6Al-4V alloy in APF solutions. This is the first ever report of the inhibition of hydrogen absorption by a corrosion product. This finding may be applied to inhibit the hydrogen absorption and corrosion of titanium alloys. It has also been reported that hydrides formed at the surface layer of alpha titanium serve as a barrier to preventing further hydrogen absorption. [22] [23] [24] [25] [26] Under the sustained tensile-loading test in 0.2% APF solution in our previous study, 3) Ti-6Al-4V alloy fractures at high applied stress, although the fracture does not occur within 1000 h at low applied stress. At high applied stress, the peeling off of Na 3 AlF 6 from the surface of the specimen probably resulted in further hydrogen absorption. This is supported by the fact that the morphology of the side surface of the specimen subjected to a sustained tensile-loading test is not always the same as that of the present specimen immersed without applied stress (Fig. 4(c) ). It appears that Na 3 AlF 6 is chemically stable, but it is not effective for preventing hydrogen absorption under high applied stress. In APF solutions with concentration higher than 0.4%, since Ti6Al-4V alloy continuously absorbs hydrogen, the fracture associated with hydrogen absorption probably occurs even at low applied stress. Actually, in 2.0% APF solution, fracture occurs at low applied stress, although the time to fracture increases with decreasing applied stress. 3) In 0.4% APF solution, the abrupt shift to the noble direction of the corrosion potential immediately after immersion (Fig. 2) and the decrease in the current density after immersion for 24 h (Fig. 3(b) ) may be related to the critical conditions for inhibiting hydrogen absorption. When the concentration of APF solution was higher than 0.4%, the complete inhibition of hydrogen absorption by Na 3 AlF 6 was not recognized. However, because Na 3 AlF 6 existed on part of the surface of the specimen, hydrogen absorption appeared to be somewhat inhibited depending on the amount of Na 3 AlF 6 . In addition, the inhomogeneous deposition and morphology of Na 3 AlF 6 may affect the inhibition of hydrogen absorption. Further study is needed regarding this point.
Conclusions
We have demonstrated that the hydrogen absorption behavior of Ti-6Al-4V alloy is not necessarily consistent with the electrochemical behavior of the alloy upon immersion in APF solutions. In APF solutions with concentration higher than 0.4%, the amount of absorbed hydrogen increases with the concentration of APF solution and immersion time. The crystalline corrosion product (Na 3 AlF 6 ) on the surface of the specimen inhibits the hydrogen absorption of Ti-6Al-4V alloy in APF solution. The high resistance to the hydrogen absorption of Ti-6Al-4V alloy in APF solution can be explained to some extent in terms of the corrosion product formed. Consequently, the hydrogen absorption behavior should be investigated in each environment without estimating it from only the electrochemical behavior.
